CONVERSION FACTORS AND ABBREVIATIONS
Multiply centimeter (cm) degree Celsius (°C) kilometer (km) megapascals (MPa) meter ( To obtain inch (in) degree Fahrenheit (°F) mile (mi) pounds per square-inch (lb/in2) foot (ft) pounds per square-inch (lb/in2) inch (in) Degree Celsius (°C) may be converted to degree Fahrenheit (°F) by using the following equation:°F = 9/5(°C) + 32.
The following term and abbreviation also is used in this report:
grams per cubic centimeter (g/cm3)
Nevada State Plane Coordinate System: Nevada State Plane Coordinates (in feet) are widely used on the Yucca Mountain Project. These coordinates are for the central zone of Nevada, and are based on a Transverse Mercator projection. The origin of this projection for the central zone of Nevada is latitude 34°45'N., and the central meridian is at longitude 116°40'W. Metric conversions of Nevada State Plane Coordinates are distinct from metric coordinates obtained using the 10,000 metre Universal Transverse Mercator grid, Zone II.
Physical and Hydrologic Properties of Outcrop Samples from a Nonwelded to Welded Tuff Transition, Yucca Mountain, Nevada
By Christopher A. Rautman, Lorraine E. Flint, Alan L. Flint, and Jonathan D. Istok
Abstract
Quantitative material-property data are needed to describe lateral and vertical spatial variability of physical and hydrologic properties and to model ground-water flow and radionuclide transport at the potential Yucca Mountain nuclearwaste repository site in Nevada. As part of ongoing site characterization studies of Yucca Mountain directed toward this understanding of spatial variability, laboratory measurements of porosity, bulk and particle density, saturated hydraulic conductivity, and sorptivity have been obtained for a set of outcrop samples that form a systematic, twodimensional grid that covers a large exposure of the basal Tiva Canyon Tuff of the Paintbrush Group of Miocene age at Yucca Mountain. The samples form a detailed vertical grid roughly parallel to the transport direction of the parent ash flows, and they exhibit material-property variations in an interval of major lithologic change overlying a potential nuclear-waste repository at Yucca Mountain.
The observed changes in hydrologic properties were systematic and consistent with the changes expected for the nonwelded to welded transition at the base of a major ash-flow sequence. Porosity, saturated hydraulic conductivity, and sorptivity decreased upward from the base of the Tiva Canyon Tuff, indicating the progressive compaction of ash-rich volcanic debris and the onset of welding with increased overburden pressure from the accumulating ash-flow sheet. The rate of decrease in the values of these material properties varied with vertical position within the transition interval. In contrast, bulk-density values increased upward, a change that also is consistent with progressive compaction and the onset of welding. Particle-density values remained almost constant throughout the transition interval, probably indicating compositional (chemical) homogeneity.
INTRODUCTION
Tuffs within the unsaturated zone at Yucca Mountain, located approximately 130 km northwest of Las Vegas, Nevada, are being investigated as the site of a potential geologic repository for high-level nuclear waste ( fig. 1 ). These studies are sponsored by the U.S. Department of Energy and are being conducted by several Federal agencies and laboratories. As part of these ongoing repository studies, the U.S. Geological Survey and Sandia National Laboratories have conducted a joint investigation during the period 1990 to the present (1994) to obtain values for various hydrologic properties that are needed for analyzing groundwater flow and radionuclide transport. Actual measurements of rock material properties, including hydrologic properties such as those presented in this data report, are needed to develop three-dimensional models of material properties that would be suitable for evaluation through numerical-modeling techniques. Sample data are essential for describing spatial variability of hydrologic properties in the natural rock mass and for evaluating uncertainty in the results of performance modeling.
Rocks at the base of the Tiva Canyon Tuff of the Paintbrush Group of Miocene age exhibit a profound vertical change in hydrologic properties, from properties associated with the overlying densely welded and highly fractured ash-flow tuff to properties characteristic of the underlying nonwelded and unfractured tuffaceous materials. This transition interval represents the first major change in macroscopic lithology from welded to nonwelded tuff and in physical properties below the present (1994) topographic surface. This transition interval overlies the potential repository horizon. Precipitation infiltrating downward through Yucca Mountain would pass through this interval of lithologic-and material-property change. The porous and permeable base of the Tiva Canyon Tuff also crops out immediately updip from the potential repository. As a result, the transition interval also provides a potential pathway for the lateral introduction of infiltrating ground water into Yucca Mountain. Therefore, the basal part of the Tiva Canyon Tuff may have a pronounced effect on the nature and functioning of the unsaturated flow system at Yucca Mountain.
This report presents laboratory measurement data for physical and hydrologic properties of samples obtained from a semiregular, two-dimensional grid covering a large exposure of the basal part of the Tiva Canyon Tuff. Some 330 samples were collected during the early spring of 1992 from 26 individual vertical transects along a 1,300-m north-south exposure. The grid is approximately aligned with the reported southerly direction of ash-flow transport from a caldera source about 6 km to the north (Carr, 1988) . Bulk properties (porosity, bulk density, and particle density) have been determined for relative-humidity oven-dried core samples. Sorptivity and saturated hydraulic conductivity also have been determined for most of the same samples. Additional description and interpretation of the data are presented in Rautman and others (1993) and in Istok and others (1994) .
GEOLOGIC OVERVIEW
Yucca Mountain is underlain by a thick sequence of nonwelded and variably welded ash-flow tuffs intercalated with lesser intervals of air-fall and reworked (bedded) tuffs. This alternating sequence of tuffs has been broken by basin-and-range faulting and forms a series of generally east-dipping fault blocks. The upper part of the volcanic sequence is well exposed by the Solitario Canyon fault along the west face of Yucca Mountain in Solitario Canyon ( fig. 1 ).
The thick, welded intervals of the Tiva Canyon and Topopah Spring Tuffs of the Paintbrush Group of Miocene age were subdivided informally by Scott and Bonk (1984) into a large number of zones of variable lateral extent. This informal zonation has evolved considerably since publication of the Scott and Bonk (1984) geologic map. This evolution has been most pronounced in hydrologic applications. The numerous color-based subdivisions of several of the original zones are not used by some investigators, and the distinction of units that are present mostly outside the immediate repository region have been disregarded. Additional informal geologic names have been developed to identify intervals of distinctive material properties with potentially important hydrologic or engineering-design implications. The informal subdivision of the Paintbrush Group at Yucca Mountain generally resembles the nomenclature used in table 1 in the immediate vicinity of the potential repository (Rautman and Flint, 1992) . The focus of the outcrop sampling described in this report is on the shardy-base unit (unit ccs, table 1) that is present at the base of the Tiva Canyon Tuff.
TRANSECT STRATIGRAPHY
The base of the shardy-base unit ( fig. 2) consists of a pumice-rich air-fall tuff, which overlies a prominent red to orange, oxidized and weathered interval (a paleosol?) developed on an underlying ash-flow deposit, probably equivalent to the Yucca Mountain Tuff, which is mapped at this stratigraphic horizon to the north of the sample grid. These pumiceous materials are tentatively inferred to represent the initial stages of the Claim Canyon eruption and caldera-collapse sequence that ultimately produced the 100-m-thick Tiva Canyon Tuff (Carr, 1988) . The basal pumice-rich air-fall tuff varies in thickness laterally from 0.75 to 2 m. Much of the thickness variation may indicate preexisting topography. Some of the variation in thickness may also indicate later erosion, because some exposures have been reworked, indicating minor breaks in volcanic activity preceding eruption of the main phase of the Tiva Canyon Tuff. A weakly developed, slightly iron-stained interval at the top of the pumice-rich airfall tuff may indicate incipient development of a weathering profile during a brief period of quiescence.
The pumice-rich air-fall tuff is overlain by 7.5 to 12m (average thickness 9 m) of ash-flows that compose the bulk of the shardy-base unit ( fig. 2) . Two subunits seem to be present. The lower ash flow is nonwelded, poorly sorted, and varies in thickness from less than 2.5 to more than 6 m. A 0.5-m-thick interval at the base of the lower ash flow may locally contain large (as large as 10 cm) light-colored pumice fragments that are similar in composition and in color to the ash matrix and may be difficult to distinguish visually from the remainder of the ash flow. The upper ash flow varies from 2 to 6 m in thickness and changes from nonwelded at the base to densely welded at a gradational upper contact with the overlying columnar unit ( fig. 2) .
Distinctive yellow and less-common black, glass shards, easily visible under a hand lens, are characteristic of the entire shardy-base microstratigraphic unit. The gradational top of the shardy-base unit is characterized by the loss of macroscopically visible glass shards and the presence of increased welding, devitrification, and vapor-phase alteration. Locally, in the southern part of the outcrop, the shardy-base unit is overlain by a prominent, dark-gray, vertically jointed black vitrophyre. The vitrophyre seems to rise stratigraphically to the north in relationship to the top of the (Scott and Bonk, 1984 ; these authors include the vitrophyre within their columnar unit). These flows, together with the overlying welded and devitrified rocks, represent products of the ongoing, if episodic, eruption and collapse of the Claim Canyon caldera (Carr, 1988) .
STUDY METHODS

Field Sampling
Approximately 330 core samples, nominally 2.5 cm in diameter and 4 to 10 cm in length, were collected from 26 vertical transects along the north-southtrending outcrop of the basal Tiva Canyon Tuff using a gasoline-powered, portable core drill and clear tap water [Nevada Test Site (NTS) well J-13] as a lubricant. The sample locations were measured in the field as the stratigraphic distance above the base of the basal air-fall pumice bed ( fig. 2 ). The thickness of the shardy-base unit changes along the transect grid from 7.5 to 12 m, and outcrops are variable in quality. Stratigraphic spacings between samples were measured using a 5-foot (about 1.5 m) Jacob's staff and an Abney level, supplemented by visual interpolation and a steel measuring tape. The (stratigraphically) vertical spacing between samples varied from 0.1 to 3.5 m and averaged 0.76 m. The number of samples per transect ranged from 10 to 17.
The north-south location of each transect was measured compared to the location of an earlier transect (Flint and others, 1995) in the vicinity of drill hole USW UZ-6s located on the crest of Yucca Mountain ( fig. 1 ) at Nevada State Plane Coordinates (defined in feet) 759,909.3N, 558,050.4E (Fenix and Scisson, Inc., 1987) (equivalent to 231,609.1N, 170,085.5E, in meters) . East-west locations were not recovered. Separations between transects were measured using a Topofil commercial string-measuring device at the upper terminus of each transect (at the base of the columnar unit). Spacings between individual transects averaged 55 m. Transects were generally closer together in the southern part of the outcrop (as close as 19m) and were more widely separated (as much as 200 m) in the northern part, as the quality of the outcrop decreased because of northward convergence between the floor of Solitario Canyon and the outcrop trace of the shardy-base unit. Relative horizontal variation of sample locations along a specific vertical transect was assumed to be negligible, given the distances between transects. This scheme of locating samples by their vertical position within a transect produced an x-z (horizontal distance-elevation) grid approximately along the line indicated in figure 1 . A summary of transect-location data and various relevant stratigraphic information is listed in table 2.
Laboratory Analyses
In the laboratory, the core plugs were trimmed using a small diamond saw to approximate rightcircular cylinders for material-properties testing. Porosity ((j), in cubic centimeters per cubic centimeter and expressed as a decimal fraction for simplicity), bulk density (p^, in grams per cubic centimeter), and particle density (pp, in grams per cubic centimeter) were determined using gravimetry and Archimedes' principle to determine sample volume. There are two major departures from the classical application (ASTM, 1977) of this technique. First, the samples were initially saturated with carbon dioxide gas by introducing the gas into an evacuated bell jar containing the samples; this process, which was repeated three times, prevents air entrapment in small internal pores of densely welded tuff samples because the CO2 is soluble in water. The samples then were saturated with degassed distilled water under a vacuum. Scoping studies indicated that saturated weights did not change meaningfully following a single iteration of this vacuum-saturation process, even with the addition of a pressure-saturation step. Second, samples were dried in a relative-humidity (RH)-controlled oven at 60°C and 45 percent RH (Bush and Jenkins, 1970) , rather than at 105°C and associated ambient RH (per ASTM, 1977) . Soeder and others (1991) advocated the use of this lower-temperature/humidified technique, not only to preserve water present in the crystal structure of any clays and hydrated minerals (such as zeolites) present, but also to retain water loosely bound to grain surfaces that is not available to participate in unsaturated flow. Particle density, as used in this report, is similar to the more commonly reported grain density. However, because particle density is a property computationally derived from intact core samples, totally encapsulated void space, which was inaccessible to water flow, was not considered. Particle density is almost invariably lower than a grain-density determination obtained by crushing the rock and measuring the total volume of solid material. Particle density will approach grain density for rocks that have minimal totally encapsulated pore space.
Originally, the bulk-property measurements were to be repeated after more conventional drying of the samples at 105°C for comparison with other reported data (ASTM, 1977) . However, physical disaggregation of the least-consolidated nonwelded samples through continued handling compromised sample integrity to the point that the validity of the comparison would have been questionable. Therefore, bulkproperty measurements corresponding to oven drying at 105°C have not been obtained. and (4) pw is the temperature-adjusted density of water (in grams per cubic centimeter). Bulk volume is simply the mass of the saturated sample submerged in water (Archimedes' principle). Sorptivity was determined for all core samples that withstood the mechanical processing of the bulkproperty measurements. Sorptivity represents flow under unsaturated conditions, describing the rate of uptake of water by a porous media without gravitational effects (Philip, 1957) . The relation is given by: where / is imbibition, S is sorptivity, t is time, and A is a constant. For the early part of imbibition, At was assumed to be negligible (Talsma, 1969) and / = S Jt , where / is the quantity of water (in cubic centimeters) imbibed per unit area (in square centimeters); S is expressed in centimeters per A/time; and t is measured in seconds. For convenience, sorptivity is generally presented as log S (base 10) throughout this report.
For this experiment, the bottom of an acrylic box was lined with a towel that was kept saturated with tap water from NTS well J-13 using a constant-head Mariotte system. Relative-humidity-dried core samples were weighed, placed on the saturated surface, and periodically reweighed to determine the cumulative weight of water that imbibed as a function of time (Flint and others, 1994) . The cross-sectional area of each sample was determined by measuring the diameter using a micrometer. At least three measurements were made in different locations on each sample and the results were averaged. Sorptivity was determined as the slope of a line fit through the data that were plotted as / versus *Jt .
Saturated hydraulic conductivity, Ks, in meters per second [generally presented as log Ks (base 10) throughout this report], was determined for all physically intact core samples. Saturated hydraulic conductivity values were measured using a constant-head method, which is described as follows. After imbibition measurements, the core samples were resaturated with tap water using the vacuum-evacuation/CC^-flooding technique. Each sample was encased inside heat-shrink tubing lined with a water-resistant sealant to preserve sample integrity during handling and measurements. Care was taken to apply the minimum amount of heat required to shrink the tubing and to obtain a water-tight seal. The encased samples were again resaturated with tap water with the same vacuum-evacuation/CO2-flooding technique. To measure saturated hydraulic conductivity, an encased core sample was inserted into a length of vinyl tubing (2.5-cm inside diameter); hose clamps were used to secure the sample. One end of the tubing was attached to a reservoir that maintained a constant water level 1.5m above the end of the sample. The outflow end of the core sample was kept saturated at all times. The volume of tap water flowing through a core sample for 72 hours was collected, measured, and used to compute saturated hydraulic conductivity according to the equation: (6) where Q is the quantity of water flowing through the sample per unit time (in cubic centimeters per second), A is the cross-sectional area of the sample core plug (in square centimeters), AH is the change in total head across the sample (in centimeters), and L is the coreplug length (in centimeters).
Those few samples for which a head in excess of 1.5 m was needed to produce measurable flow (from one to three of the more-welded samples from each transect) were tested in a pressure permeameter to impose a differential hydraulic head of as much as 60 m across the sample. These samples (and their heatshrink tubing) were encased in heavy vinyl tubing and placed in a chamber that produced a hydraulic confining pressure (0.41-0.55 MPa), slightly exceeding the gradient across the sample, and that prevented flow down the sides of the sample. Confining pressures of this magnitude did not affect the permeability of the rock, particularly because confining pressures were applied only to welded samples that had compressive strengths on the order of 100 MPa (Nimick and Schwartz, 1987) . A separate system provided J-13 tap water under pressure for flow through the sample. Effluent was weighed on a top-loading balance, as the water left the sample, and the mass was recorded as a function of time. Saturated hydraulic conductivity was computed using Darcy's law (eq. 6) with measured sample lengths, cross-sectional areas and the appropriate steady-state flow measurements.
PHYSICAL AND HYDROLOGIC PROPERTIES
The laboratory measurements of porosity, an important framework hydrologic property from the transect samples, are presented in semiquantitative graphical form in figure 3 . A corresponding presentation for saturated hydraulic conductivity is presented in figure 3 . Although these graphs are only an approximate representation, they simultaneously portray the density and variability of sample coverage, the variation in stratigraphic thicknesses, and some of the systematic differences in material properties with spatial position. The visual impression is that porosity values ( fig. 3) are markedly higher at the base of the unit (in excess of 60 percent), and that they decrease progressively upward. This upward decrease in porosity corresponds to progressive upward compaction and incipient welding, which occurs at the bottom of all welded-tuff sequences. A similar progressive decrease is observed in values for saturated hydraulic conductivity ( fig. 3 ). Values for porosity and for saturated hydraulic conductivity seem to be semiquantitatively equal at equivalent stratigraphic levels within each unit.
The actual, quantitative values of all bulk and hydrologic-flow properties measured for the transect samples are listed in table 4 in the appendix at the back of this report. A statistical summary of these data for samples belonging to the shardy-base unit and its subdivisions is presented in table 3. These same data are presented in histogram format in figure 5 .
The statistical summary values from table 3 confirm the visual impressions derived from figures 3 and 4. The mean porosity value in the basal pumice-rich air-fall tuff is more than 52 percent, decreasing to 40 percent in the lower ash-flow tuff and decreasing again to 20 percent in the upper ash-flow tuff. Similar trends in the maximum and minimum measured porosity values are indicated. The differences in the complete distribution of values is emphasized in the histograms in figure 5 , and the visual impressions of the histograms are confirmed by the numerical statistics in table . For example, the coefficient of variation for porosity is noticeably larger in the upper ash-flow tuff (51 percent, compared to 12 percent in the other units), verifying the field observation that most of the gradation in welding occurs within this subzone (see also fig. 2 ). Mean bulk density values increased markedly upward from 1.13 to 1.89 g/cm3 (table 3), varying inversely with porosity, and again indicating progressive physical compaction and welding of the tuff. For porosity and bulk density, the distribution of values changes most between the basal pumice-rich air-fall tuff and the two overlying ash-flow units, as is indicated by the comparative histograms ( fig. 5 ). This contrast is attributed to differences in emplacement mechanics between the shower-like rain of well-sorted pyroclastic fragments from an airborne eruption cloud versus the concurrent, mass accumulation of a poorly sorted mix of volcanic debris from a density current produced by eruption-column collapse.
In contrast to the behavior of the other bulk properties, mean particle densities were almost constant through the profile at slightly greater than 2.3 g/cm3 (table 3) . This consistency may reflect the uniformity of composition of the rhyolitic ash-flow material. Interestingly, the maximum measured particle density unfragmented glass shards with increased compaction and welding. Because wholly enclosed bubble structures are not accessible by the saturation and waterdisplacement technique underlying Archimedes' principle (see discussion in the "Laboratory Analyses" section), elimination of these intact bubbles indicates that the particle density of the upper ash-flow subunit may be approaching the true grain density of the tuffs.
In terms of flow properties, log Ks diminished markedly with increasing elevation within the shardybase unit. The mean log Ks value in the basal pumicerich air-fall tuff is -2.862 (log of meters per second) (table 3). The mean value progressively diminished to -3.826 (log of meters per second) in the lower ash-flow subunit, and nonlinearly to -6.728 (log of meters per second) in the upper ash-flow subunit a nearly 3-order of magnitude decrease over what is generally a vertical interval of about 5 m. Above the shardy-base interval, saturated hydraulic conductivity values diminished an additional two to four orders of magnitude within the more densely welded, and ubiquitously devitrified, tuffs of the overlying part of the Tiva Canyon Tuff (Flint and others, 1995) . Differences in saturated hydraulic conductivity between the locally developed lower Tiva Canyon vitrophyre and the devitrified part of the columnar microstratigraphic unit were not included as part of this investigation. Sorptivity values changed little on average from the basal pumice-rich air-fall tuff to the lower ash-flow subunit; the mean values of sorptivity were -3.452 and -3.831 log units (table 3) . However, the more strongly welded upper ash-flow subunit had a mean sorptivity of -5.082 log units.
These vertical changes in hydrologic properties are shown more precisely as a function of vertical position in figure 6. Each part of figure 6 is a composite scatterplot (aggregated for all transects) of the selected material property as a function of vertical distance above the base of the basal pumice-rich air-fall tuff. The three-fold subdivision (pumice-rich air-fall tuff, and lower and upper ash-flow tuffs) of the shardy-base unit is quite prominent. The changes in mean property values can be correlated with the gross variations shown on in figure 6. The overall spatial variability of these data was evaluated in greater detail by Rautman and others (1993) and by Istok and others (1994) .
The preceding discussion indicates that the hydrologic properties seem to be correlated with one another, except for particle density. These crossvariable correlations are presented graphically in figure 7. The correlation was generally quite strong, as indicated by the coefficient of determination (r2 value) shown in each scatterplot. The correlation of the flow properties, saturated hydraulic conductivity, and sorptivity (a surrogate for unsaturated hydraulic conductivity) (log values) with porosity is considered excellent, given that permeability is generally only poorly correlated with porosity. The r2 values were 0.824 and 0.825. Evidently, the genetic physical processes responsible for formation of the lowermost Tiva Canyon Tuff affected the overall pore volume (porosity) and the pore throats (saturated hydraulic conductivity) in a similar manner, which suggests that porosity can be used as a surrogate for the flow properties that are more difficult to measure, at least for rocks of this restricted stratigraphic interval.
SUMMARY
Laboratory measurement of bulk and fundamental hydrologic properties on samples from an intensive outcrop-sampling program at the base of the Tiva Canyon Tuff of the Paintbrush Group has identified an interval of pronounced change in material character at this stratigraphic level. This interval represents the first major lithologic and material-property change below the present (1994) topographic surface of Yucca Mountain.
The changes in hydrologic properties are systematic and entirely consistent with those expected for the nonwelded to welded transition at the base of a major ash-flow sequence, and they indicate the relatively direct effect of ash-flow consolidation. Porosity decreased with increasing elevation within the unit, indicating progressive compaction and the onset of welding. Conversely, the bulk density of the samples increased with increasing elevation. Saturated hydraulic conductivity and sorptivity (a surrogate for unsaturated conductivity) decreased as the available pore volume, and the size of the pore throats through which water flows, decreased.
The quantitative values of these hydrologic properties may be useful in numerical modeling of groundwater flow and material transport through the upper part of the stratigraphic section at Yucca Mountain. In addition, these quantitative values provide the raw data for improved understanding of the geologic control of spatial variations within ash-flow sheets. Figure 7 . Cross-variable correlations between various hydrologic properties measured on samples from the shardy-base unit at Yucca Mountain, Nevada: (a) bulk density as a function of porosity; (b) log sorptivity as a function of porosity; (c) log saturated hydraulic conductivity as a function of porosity; and (d) log sorptivity as a function of log saturated hydraulic conductivity. Transect SB-7-Continued SB7-7 SB7-8 SB7-9 SB7-10 SB8-1 SB8-2 SB8-3 SB8-4 SB8-5 SB8-6 SB8-7 SB8-8 SB8-9 SB8-10 SB8-11 SB9-1 SB9-2 SB9-3 SB9-4 SB9-5 SB9-6 SB9-7 SB9-8 SB9-9 SB9-9f SB9-10 SB9-11 SB9-12 SB 10-1 SB 10-2 SB 10-3 SB 10-4 SB 10-5 SB 10-6 SB 10-7 SB 10-8 SB 10-9 
